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Although autism is a behaviorally defined disorder, many studies report an association 
with increased pro-inflammatory cytokine production. Recent characterization of the 
BTBR T+tf/J (BTBR) inbred mouse strain has revealed several behavioral characteristics 
including social deficits, repetitive behavior, and atypical vocalizations which may be 
relevant to autism. We therefore hypothesized that, asocial BTBR mice, which exhibit 
autism-like behaviors, may have an inflammatory immune profile similar to that observed 
in children with autism. The objectives of this study were to characterize the myeloid 
immune profile of BTBR mice and to explore their associations with autism-relevant 
behaviors. C57BL/6J (C57) mice and BTBR mice were tested for social interest and 
repetitive self-grooming behavior. Cytokine production was measured in bone-marrow 
derived macrophages incubated for 24 h in either growth media alone, LPS, IL-4/LPS, or 
IFNy/LPS to ascertain any M1/M2 skewing. After LPS stimulation, BTBR macrophages 
produced higher levels of IL-6, MCP-1, and MIP-1o and lower IL-10 (p < 0.01) than C57 
mice, suggesting an exaggerated inflammatory profile. After exposure to IL-4/LPS BTBR 
macrophages produced less IL-10 (p < 0.01) than C57 macrophages and more IL-12p40 
(p < 0.01) suggesting poor M2 polarization. Levels of IL-12(p70) (p < 0.05) were higher 
in BTBR macrophages after IFNy/LPS stimulation, suggesting enhanced M1 polarization. 
We further observed a positive correlation between grooming frequency, and production 
of IL-12(p40), IL-12p70, IL-6, and TNFa (p < 0.05) after treatment with IFNy/LPS across 
both strains. Collectively, these data suggest that the asocial BTBR mouse strain exhibits a 
more inflammatory, or M1 , macrophage profile in comparison to the social C57 strain. We 
have further demonstrated a relationship between this relative increase in inflammation 
and repetitive grooming behavior, which may have relevance to repetitive and stereotyped 
behavior of autism. 
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BACKGROUND 

Autism is a behaviorally defined disorder without a known phys- 
iological cause. This disorder is characterized by social deficits, 
communication deficits, and the presence of repetitive or stereo- 
typed behaviors (APA, 2000). Several studies have attempted 
to identify a genetic cause for autism (Yrigollen et al., 2008; 
Voineagu et al., 2011; Lintas et al., 2012); however, the major- 
ity of autism cases remain idiopathic in nature (Abrahams and 
Geschwind, 2008). Although the genetic cause for autism remains 
undetermined, there is increasing evidence that immune func- 
tion may play a role in the disorder. A number of studies have 
identified trends in abnormal immune function in individuals 
with autism including a trend toward high cytokine produc- 
tion and atypical immune cell function (Ashwood et al., 2006, 
2011a,b,c; Enstrom et al., 2010). There is further evidence sug- 
gesting that many of these atypical immune profiles are associated 
with worsening autism-associated behaviors (Onore et al., 2012). 



Immune abnormalities in autism spectrum disorders have 
been characterized in a number of studies, including evidence of 
increased microglia and astroglia activation in the brain, as well 
as increased levels of interferon (IFN)y, interleukin (IL)-lf3, IL-6, 
IL-12, tumor necrosis factor (TNF)-a, and macrophage chemo- 
tactic protein (MCP)-l in brain tissue and cerebral spinal fluid 
(Vargas et al., 2005; Li et al., 2009; Morgan et al, 2010). In parallel 
with findings within the central nervous system (CNS), increased 
plasma levels of these cytokines including IL-lp\ IL-6, IL-12p40, 
and MCP-1 have been reported as well (Ashwood et al., 2011b). 
Of note, peripheral plasma levels of these cytokines were associ- 
ated with worsening autism-associated behaviors in the areas of 
communication and social interaction, suggesting a relationship 
between peripheral immune activity and behavioral symptoms of 
the disorder (Ashwood et al., 2011b,c). 

Given the unknown pathophysiology of autism and highly 
variable genetics of the disorder, an animal model that exhibits 
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behavioral characteristics with relevance to autism-features rather 
than a direct genetic link may be useful for examining potential 
relationship between physiology and behavior. The BTBR T+tf/J 
mouse (referred to as BTBR here-in) is an inbred strain that has 
recently been described to exhibit behaviors relevant to autism, 
including asocial behavior, repetitive behavior, and atypical vocal- 
izations (Moy et al, 2007; McFarlane et al, 2008; Scattoni et al, 
2008, 2011). There is also evidence to suggest that the BTBR 
mouse exhibits increased ERK signaling (Zou et al., 201 1), a com- 
mon finding in individuals with Fragile X Syndrome, one of the 
leading known genetic risk factors for autism. However, little is 
currently known about the relationship between BTBR associ- 
ated behavior and immunity in the BTBR mouse. Recent research 
has outlined differences in immune function including increased 
titers of immunoglobulin (Ig) and inflammatory cytokine lev- 
els in brain tissue, and greater susceptibility to listeriosis than 
C57B1/6J mice (referred to as C57 here-in) (Heo et al., 2011). 
Immunity against listeriosis is largely based on the ability of 
macrophages to polarize to an inflammatory (Ml) profile (Pfeffer 
et al, 1993; Jouanguy et al, 1999; Benoit et al, 2008). This data 
suggests immunological differences between the two strains and 
may implicate aberrant macrophage function, but there is as yet 
no direct evidence of a relationship between the function of the 
immune cells and behavioral symptoms in the BTBR mouse. 

We hypothesized that there are associations between myeloid 
inflammation and autism relevant behaviors in the BTBR mouse. 
To further elucidate the relationship between inflammation 
and behavior, and to examine the role of M1/M2 polarization 
in BTBR, we analyzed individual mice for social interaction 
and repetitive grooming behavior and measured macrophage 
cytokine production in vitro. Bone marrow-derived macrophages 
were generated for each mouse and tested for inflammatory and 
anti-inflammatory cytokine responses. In addition, we further 
characterized immune function by testing the ability of BTBR 
macrophages to polarize to pro-inflammatory IL-12 high (Ml) 
and anti-inflammatory IL-10 high (M2) macrophage subtypes 
in vitro (Mantovani et al, 2005). 

METHODS 
MICE 

C57B1/6J (C57) mice (Jackson Laboratory- West, Sacramento, 
CA), BTBR T+tf/J (BTBR) mice (Jackson Laboratory, Bar Harbor, 
ME), and 129/SvImJ (129) mice (Jackson Laboratory) were main- 
tained by the Campus Laboratory Animal Services, at University 
of California, Davis at ambient room temperature on a 12 h 
light/dark cycle. Food and water were provided ad libitum. All 
procedures were performed with approval by the University of 
California, Davis Institutional Animal Care and Use Committee 
and in accordance with the guidelines provided by the National 
Institutes of Health for the humane treatment of animals. Social 
approach and self-grooming assays were conducted in dedicated 
behavioral testing rooms during the standard light phase, usu- 
ally between 1000 and 1500 h. Mice of the 129 strain were used 
as novel mouse controls in the social approach testing paradigm. 
Mice were deeply anesthetized with isofluorane and euthanized 
by decapitation. Femurs and tibia were aseptically removed and 
stored in RPMI 1640 (Life Technologies) media supplemented 



with 10% FBS, 100 IU/ml penicillin, 100 IU/ml streptomycin, 
25 u,g/ml gentimycin (Sigma) prior to processing. For this study, 
nine C57 mice (male, age 10-12 weeks) and seven BTBR mice 
(male, age 10-12 weeks), were utilized. 

SOCIAL APPROACH 

Social approach was assayed in an automated three-chambered 
apparatus (NIMH Research Services Branch, Bethesda, MD) 
using methods previously described (Crawley, 2007; Yang et al., 
2007, 2009, 2011a,b; Chadman et al, 2008; McFarlane et al, 
2008; Moy et al, 2008; Silverman et al, 2010, 2011). Briefly, the 
apparatus was a rectangular, three-chambered box made of clear 
polycarbonate. Photocells embedded in the doorways automati- 
cally detected entries between chambers and the amount of time 
spent in each chamber by the subject mouse. The test session 
began with a 10 min habituation session in the center chamber 
only, followed by a 10 min habituation to all three empty cham- 
bers. At the completion of the second habituation phase, the 
subject mouse was returned to the center chamber and a clean 
novel object (wire cup) was placed in one of the side chambers 
and a novel 129 mouse of similar age and weight was placed in an 
identical wire cup located in the other side chamber. After both 
stimuli were positioned, the subject mouse was allowed access 
to all three chambers for 10 min. Trials were video recorded and 
time spent sniffing the novel object and time spent sniffing the 
novel mouse were later scored by a trained observer using a hand- 
held stopwatch. Performance on social approach was plotted as a 
"social score," which is equal to the amount of time (in seconds) 
the experimental animal spent sniffing the novel mouse minus 
the time spent sniffing the novel object. Therefore, high positive 
scores indicate high sociability, and low or negative scores indicate 
low sociability. 

SPONTANEOUS SELF GROOMING 

Mice were scored for spontaneous self-grooming behaviors as 
described previously (Yang et al., 2007, 2009; McFarlane et al., 
2008; Silverman et al., 2010). Briefly, each mouse was given a 
10 min habituation in a clean, empty mouse cage and then video 
recorded for 10 min. The video recorded session was scored for 
cumulative time spent grooming all body regions by a trained 
observer using a stopwatch. Differences in color and markings 
between the inbred strains prevented fully blind ratings. However, 
the distinguishing features of the strain were less visible in the 
video recordings, which is why this method was chosen over live 
scoring. The animals' behavior in the spontaneous self-grooming 
tasks was plotted as "grooming" which indicates the amount of 
time (in seconds) the experimental animal spent grooming itself 
during the 10-min observation phase. 

GENERATION OF MACROPHAGE MEDIA 

Confluent L929 Cells (ATCC, Manassas, VA) were cultured for 
7 days in complete Dubelcco's modified Eagles media (DMEM) 
F-12 (Life Technologies, Carlsbad, CA) supplemented with 10% 
low endotoxin, heat inactivated fetal bovine serum (FBS) (Life 
technologies), 100 IU/ml penicillin, and 100 IU/ml streptomycin 
(Sigma, St Louis, MO). The resulting L929 conditioned media was 
passed through a 2 |xm filter (Millipore, Billerica, MA) to remove 
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cellular debris and ensure sterility. To create macrophage media, 
complete DMEM was supplemented 10% with filtered L929 con- 
ditioned media. L929 conditioned media was stored at — 20°C for 
less than 60 days before single thaw and use. 

BONE MARROW-DERIVED MACROPHAGE GENERATION 

Legs with fur and skin removed, including femur and tibia from 
each mouse, were washed twice in sterile cold (4°C) Hanks 
buffered saline solution (HBSS) (Mediatech, Herndon, VA). 
Tissue was removed from the bones with sterile scissors and for- 
ceps, and bones were washed in 10 mis cold HBSS. The proximal 
and distal ends of both the femur and tibia were removed, and the 
lumens of the femurs and tibia were flushed with 10 mis of cold 
HBSS using a 25 gauge needle (BD Medical, Franklin Lakes, NJ). 
Dislodged bone marrow was agitated by aspiration and ejected 
with a 22 gauge needle (BD Medical). The resulting cell suspen- 
sion was filtered through a 100 \im nylon mesh (BD Biosciences, 
Carlsbad, CA). Cells were pelleted by centrifugation at 500 g for 
5 min and resuspended in macrophage media to a concentra- 
tion of 1 x 10 5 cells/ml, plated in sterile non-cell culture treated 
petri dishes (BD Biosciences) at a volume of 10 mis per dish and 
incubated for 3 days at 37°C, 5% CO2. Five mis of macrophage 
media was then added to each dish and cells were incubated for 
a further 4 days at 37°C, 5% CO2 for a total incubation time of 
7 days. Petri dishes containing adherent, mature bone marrow- 
derived macrophages were washed with 10 mis cold HBSS, and 
incubated with 3 mis Cell Stripper™ buffer (Mediatech) per plate, 
for 5 min at 37°C, 5% CO2. Following incubation, cells were 
dislodged from the petri dishes by gentle pipetting, diluted in 
an equal amount of complete DMEM, and pelleted by centrifu- 
gation at 400 g for 5 min. Cells were resuspended at 1 x 10 6 
cell/ml in complete DMEM, and 1ml was plated in 12-well 
sterile tissue culture plate (Greiner Bio-One, Monroe, NC) and 
allowed to adhere overnight at 37° C, 5% CO2. Following adhe- 
sion of bone marrow-derived macrophages, complete DMEM 
was aspirated and replaced with 1 ml/well of 1 x 10 6 cells with 
the following eight conditions: media alone, 2 ng/ml recombi- 
nant mouse IL-4 (R&D, Minneapolis, MN), 150 ng/ml recom- 
binant mouse IFNy (R&D), 10 ng/ml lipopolysaccharide (LPS) 
(Sigma), 2 ng/ml recombinant mouse IL-4 with 10 ng/ml LPS, 
or 150 ng/ml recombinant mouse IFNy with 10 ng/ml LPS. Cells 
were incubated under these conditions for 24 h, at which point 
supernatants were collected and stored at — 80°C until assayed. 

CYTOKINE MEASUREMENT 

The quantification of the cytokines Granulocyte Macrophage- 
Colony Stimulating Factor (GM-CSF), IFNy, IL-lp\ IL-6, IL-10, 
IL-13, IFNy induced protein (IP)-10 (CXCL10), MCP-1 (CCL2), 
TNFa, macrophage inflammatory protein (MlP)-la (CCL3), and 
MIP-ip (CCL4) in supernatants was determined using mouse 
specific Milliplex™ multiplexing bead immunoassays (Millipore, 
Billerica, MA). The cytokines IL-12p40 and IL-12p70 were mea- 
sured using Bioplex™ multiplexing bead immunoassays (Bio-Rad 
Laboratories, Hercules, CA). Samples were run in accordance 
with the instructions of the manufactures protocol. In brief, 25 (xL 
of supernatant was incubated with antibody-coupled beads. After 
a series of washes, a biotinylated detection antibody was added to 



the beads, and the reaction mixture was detected by the addition 
of streptavidin conjugated to phycoerythrin. The bead sets were 
analyzed using a flow-based Luminex™ 100 suspension array 
system (Bio-Plex 200; Bio-Rad Laboratories). Unknown sample 
cytokine concentrations were calculated by Bio-Plex Manager 
software using a standard curve derived from the known refer- 
ence cytokine concentrations supplied by the manufacturer. A 
five-parameter model was used to calculate final concentrations 
and values are expressed in pg/ml. The sensitivity of this multiplex 
immunoassay allowed the detection of cytokine concentrations 
with the following minimal detectable limits: IL-lf3 (2 pg/ml), 
IL-6 (1.8 pg/ml), IL-10 (3.3 pg/ml), IL-12(p40) (1.53 pg/ml), IL- 
12(p70) (1.62 pg/ml), IFNy (0.9 pg/ml), IP-10 (0.6 pg/ml), MCP- 
1 (5.3 pg/ml), MlP-la (8.7 pg/ml), MIP-ip (10.1 pg/ml), and 
TNFa (1 pg/ml). 

STATISTICAL ANALYSIS 

Statistical analysis to compare cytokine levels between BTBR and 
C57 groups was conducted with Mann-Whitney test. Correlation 
analysis was performed with Spearman correlation analysis. All 
analyses were two-tailed, and values of p < 0.05 were con- 
sidered statistically significant. Unadjusted p-values are pre- 
sented for multiplex cytokine data (Rothman, 1990). Medians 
and interquartile ranges (IQR) are reported for all measured 
cytokines and chemokines. All analyses were conducted with 
GraphPad Prism statistical software (GraphPad Software Inc., San 
Diego, CA). 

RESULTS 

CYTOKINE RESPONSES 

To determine the cytokine response to LPS (a gram negative bac- 
terial endotoxin) with and without polarization, bone marrow 
macrophages were incubated in media alone, IL-4 (a M2 polar- 
izing cytokine), or IFNy (a Ml polarizing cytokine) with LPS. 
Even without presence of polarizing cytokine or LPS stimulus, 
BTBR macrophages exhibit a trend toward higher inflamma- 
tory cytokine production, with significantly higher production 
of IL-12(p40) [C57 median ± IQR: 15.30 ±7.56; median ± 
IQR: 20.58 ± 7.56; p = 0.0485] (Table 1). Following stimula- 
tion with LPS, BTBR macrophages produce significantly higher 
levels of inflammatory cytokines IL-6 [C57 median ± IQR: 
1254 ± 760.2; BTBR median ± IQR: 3112 ± 1189; p = 0.0003], 
IL-12(p40) [C57 median ± IQR: 446.4 ± 322.5; BTBR median 
± IQR: 2779 ± 1652; p = 0.0002], MCP-1 [C57 median ± 
IQR: 750.4 ±442.6; BTBR median ± IQR: 3117 ± 1036; p = 
0.0002], IP-10 [C57 median ± IQR: 8875 ± 2859; BTBR median 
± IQR: 14535 ± 1294; p = 0.0007], and MlP-la [C57 median 
± IQR: 1945 ±713; BTBR median ± IQR: 4342 ± 2828; p = 
0.0002] and lower levels of anti-inflammatory cytokine IL-10 
[C57 median ± IQR: 448.4 ± 307.6; BTBR median ± IQR: 
284.2 ± 195.2; p = 0.0229] (Table 1). 

To determine whether BTBR macrophages are more inclined 
toward a pro-inflammatory Ml phenotype, we measured the lev- 
els of Ml and M2 associated cytokines following polarization with 
IL-4 and LPS to induce a M2 phenotype or IFNy and LPS to 
induce a Ml phenotype. Our initial experiments revealed treat- 
ment with IL-4 alone was not sufficient to induce a cytokine 
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Table 1 | Macrophage cytokine levels in unstimulated and LPS stimulated culture conditions. 



Cytokines pg/ml Unstimulated: Median (IQR) LPS: Median (IQR) 





C57 


BTBR 


p-value 


C57 


BTBR 


p-value 


IL-1p 


3.9 (14.39) 


BLD 


N/A 


BLD 


16.56 (38.26) 


0.351 


IL-6 


0.23 (2.22) 


BLD 


N/A 


1254 (760.2) 


3112 (1189) 


0.0003* 


IL-10 


BLD 


BLD 


N/A 


448.4 (307.6) 


284.2 (195.2) 


0.023* 


IL-12p40 


15.3 (7.56) 


20.58 (7.56) 


0.049* 


446.4 (322.5) 


2779 (1652) 


0.0002* 


IL-12p70 


BLD 


BLD 


N/A 


BLD 


56.81 (56.81) 


N/A 


IP-10 


65.45 (30.94) 


70.17 (93.81) 


0.142 


8875 (2859) 


14535 (1294) 


0.0007* 


MCP-1 


BLD 


15.63 (32.74) 


N/A 


750.4 (442.6) 


3117 (1036) 


0.0002* 


TNF-a 


BLD 


0.13 (5.1) 


N/A 


448.3 (407.5) 


595.2 (217.2) 


0.408 


MIP-1a 


39.27 (22.41) 


BLD 


N/A 


1945 (713) 


4342 (2828) 


0.0002* 


MIP-1 p 


63.35 (36.58) 


56.76 (83.06) 


0.671 


10214 (2530) 


23060 (9262) 


0.0003* 



Median cytokine measurements and interquartile ranges (IQR) in pg/ml. All p-values were calculated by two-tailed Mann Whitney U-test. 
'Significant p-values; BLD: Below level of detection; N/A: Not applicable, p-values could not be calculated. 



response distinguishable from that of media alone. Following 
stimulation with IL-4 and LPS, BTBR macrophages produce sig- 
nificantly lower levels of IL-10 [C57 median ± IQR: 641.9 ± 
164.2; BTBR median ± IQR: 222.6 ± 83.4; p = 0.0.0003], a M2 
cytokine, and higher IL-12p40 [C57 median ± IQR: 182.3 ± 
102.6; BTBR median ± IQR: 613.8 ± 359.4; p = 0.001], IL- 
6 [C57 median ± IQR: 558.6 ±288.1; BTBR median ± IQR: 
1264 ± 330; p = 0.0052], and MLP-lct [C57 median ± IQR: 
2551 ± 1150; BTBR median ± IQR: 4179 ± 4467; p = 0.0021]. 
Following stimulation with IFNy and LPS, BTBR macrophages 
produce significantly higher levels of IL-12(p40) [C57 median 
± IQR: 12496 ± 5494; BTBR median ± IQR: 18607 ± 326.6; 
p = 0.0401], IL-12(p70) [C57 median ± IQR: 251.9 ± 302.17; 
BTBR median ± IQR: 625.5 ±477.1; p = 0.0108], and IP-10 
[C57 median ± IQR: 3464 ± 1953; BTBR median ± IQR: 7497 ± 
3553; p = 0.0002] but also more IL-10 [C57 median ± IQR: 
35.24 ± 15.36; BTBR median ± IQR: 74.8 ± 30.9; p = 0.01 15] 
and MCP-1 [C57 median ± IQR: 1238 ± 802; BTBR median 
± IQR: 1954 ± 752; p = 0.0012] (Table 2). BTBR macrophages 
appeared to exhibit an overall trend toward increased Ml polar- 
ization (Figure 1). 

BEHAVIORAL AND IMMUNE CORRELATIONS 

To examine a potential relationship between the immune pro- 
file observed in BTBR macrophages, and the impaired social 
interaction and repetitive grooming associated with the BTBR 
strain, we tested for associations by Spearman analysis. There 
was very little association between cytokine profiles and social 
behavior in the BTBR mouse; however, for macrophage cell cul- 
tures, IL-lf5 demonstrated a negative association with sociability 
after IFNy/LPS incubation [r = -0.56; p = 0.023] such that as 
IL-lf5 levels increased social approach decreased (Figure 2). In 
contrast, grooming behavior was associated with a large num- 
ber of cytokines including associations with IL-12(p40) [r = 
0.58; p = 0.033] and IP-10 [r = 0.55; p = 0.032] in unstimu- 
lated macrophages (Figure 3) suggesting that as cytokine levels 
increased there was an increase in repetitive behaviors. Following 
stimulation with LPS, inflammatory cytokines IL-6 [r = 0.77; 
p = 0.001] and MIP-ip [r = 0.67; p = 0.006] were positively 



associated with grooming behavior, while the anti-inflammatory 
M2 associated cytokine IL-10 demonstrated a negative associ- 
ation with grooming [r = — 0.63; p = 0.012] (Figure 4). This 
data suggests that inflammatory cytokines are associated with 
more impaired repetitive behavior whereas anti-inflammatory 
cytokines are associated with improvement in behaviors. In 
polarization conditions such as IL-4/LPS incubation, IL-10 
again was negatively associated with grooming [r = —0.86; p = 
0.0001], while IL-6 [r = -0.63; p = 0.012], IP-10 [r = 0.775, 
p = 0.0007], and MIP-ip [r = 0.5286, p = 0.0428] were pos- 
itively associated with grooming time (Figure 5). Macrophage 
cytokines produced following incubation with the Ml polar- 
izing IFNy/LPS condition including IL-12(p40) [r= 0.72; p = 
0.004], IL-12(p70) [r = 0.77; p = 0.001], and TNF-a [r = 0.63; 
p = 0.011] also positively associated with increased grooming 
behavior following incubation with the Ml polarizing IFNy/LPS 
condition, such that Ml macrophage cytokine production was 
associated with more impaired behavior. Interestingly, within the 
BTBR strain alone, IL-12(p70) [r = 0.87; p = 0.03] and TNF-ot 
[r = 0.94; p = 0.005] levels were also positively correlated with 
grooming (Figure 6). 

DISCUSSION 

In this study we describe several immune features in the aso- 
cial BTBR mouse that differ from social C57 mice including 
higher production of inflammatory cytokines and chemokines 
in bone-marrow derived macrophages. BTBR macrophages pro- 
duced increased levels of IL-6 after LPS stimulation. Even without 
stimulation, BTBR macrophages produced higher levels of IL- 
12(p40) and IP-10, suggesting a possible Ml polarization even 
without the presence of Ml polarizing exposure to IFNy or LPS. 
After stimulation with LPS, IL-12(p40) remained higher in BTBR 
mice, while IL-10 was lower, again suggesting Ml polarization 
even in the absence of IFNy. Levels of IL-12(p70) were unde- 
tectable in C57 mice, but were detectable in the majority of 
BTBR samples, suggesting IL-12(p70) levels may also be higher 
in BTBR mice. However, given that IL-12(p70) were below levels 
of detection in the C57, statistical analysis was limited and p- 
values could not be calculated. In addition to evidence of Ml 
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Table 2 | Macrophage cytokine levels in IL-4/LPS and IFIMy/LPS stimulated culture conditions. 



Cytokines pg/ml 




IL-4/LPS: Median (IQR) 






IFIMy/LPS: Median (IQR) 




C57 


BTBR 


p-value 


C57 


BTBR 


p-value 


IL-1 p 


zu.04 (oz.oy) 


BLD 


0.252 


BLD 


4b. 3d (zo.lo) 


N/A 


IL-6 


rro D /HOD 1 \ 

bbo.b (288.1) 


12o4 (33U) 


0.005* 


1Ubo0 (8041 ) 


lubb/ (bbab) 


0.919 


IL-10 


641.9 (1b4.2) 


Oil C lOI A \ 

ZZZ.b (83.4) 


0.0003 


3b. 24 (lb. 3d) 


/4.8 (30.9) 


0.012* 


IL-12p40 


182.3 (102.6) 


613.8 (359.4) 


0.001* 


12496 (5494) 


18607(326.6) 


0.040* 


IL-12p70 


BLD 


BLD 


N/A 


251.9 (302.17) 


625.5 (477.1) 


0.011* 


IP-10 


3464(1953) 


7497 (3553) 


0.0002* 


18319 (7141) 


16726 (10137) 


0.351 


MCP-1 


2692 (682) 


3373 (1065) 


0.351 


1238 (802) 


1954 (752) 


0.001* 


TNF-a 


418.2 (292.6) 


498.5 (282) 


0.351 


975.2 (451.8) 


1393 (974) 


0.071 


MIP-1a 


2551 (1150) 


4179 (4467) 


0.002* 


872.3 (321.6) 


1134 (330.2) 


0.091 


MIP-1P 


4264 (2097) 


6136 (17675) 


0.055 


4019 (1492) 


5791 (3024) 


0.071 



Median cytokine measurements and interquartile ranges (IQR) in pg/ml. All p-values were calculated by two-tailed Mann Whitney U-test. 
"Significant p-values; BLD: Below level of detection; N/A: Not applicable, p-values could not be calculated. 
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FIGURE 1 | Ml and M2 cytokine polarization in BTBR and C57 
macrophages. Scatter graphs and median values of IL-10 (A,B), IL-1 2p40 
(CD) and IL-12p70 (E) after IL-4/LPS incubation (A,C) and IFNy/LPS 
incubation (B,D,E) IL-1 2(p70) values were below observable levels 
in IL-4/LPS stimulated samples, p-values were calculated with 
Mann-Whitney test. 



polarization, levels of chemokines MlP-la and MCP-1 were also 
higher in BTBR macrophages after LPS stimulation suggesting 
chemotactic responses may also be enhanced in this asocial mouse 
strain. 

Macrophage polarization has many similarities to T helper 
(Th) cell subtypes and can be divided into two major groups, 
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FIGURE 2 | Social correlation in IFNy/LPS stimulated macrophages. 

Scatter graphs and linear regression of IL-ip in IFNy stimulated 
macrophages. Correlation coefficients (r-values) and p-values were 
calculated with Spearman's correlation analysis. C57 r-value: —0.80, p-value: 
0.009*; BTBR r-value: -0.43, p-value: 0.333; Across strains r-value: -0.56, 
p-value: 0.023*; 'significant p-values. 



denoted Ml and M2 (Mantovani et al., 2005; Mosser and 
Edwards, 2008). Ml macrophages are IL-12 hi s h , IL-10 low , they are 
higher inflammatory cytokine producers than their M2 counter- 
parts, and promote a ThI response in part through production 
of IL-12(p70). IL-12(p40) is a subunit of both IL-12(p70) and 
IL-23, which are both produced in significant quantities by Ml 
macrophages (Oppmann et al., 2000). While M2 cells can also 
produce inflammatory cytokines, they tend to produce far less 
than Ml macrophages, and have an IL-12 low , IL-10 hi s h pheno- 
type, and promote Th2 responses. Ml polarization has been 
implicated in a number of neurological disease including multiple 
sclerosis and Alzheimer's disease (Mikita et al, 2011), and recent 
literature suggests that promoting an M2 phenotype may be ben- 
eficial to cognitive function (Derecki et al., 2010a). Transplant 
of wild-type IL-4 competent T cells in to IL-4~/~ mice results 
in improved cognition (Derecki et al, 2010b), and transplant of 
M2 polarized macrophages results in improved cognitive perfor- 
mance in immune deficient mice (Derecki et al., 201 1). Together, 
this data suggests that Ml macrophage polarization may have 
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FIGURE 3 | Grooming correlation in unstimulated macrophages. 

Scatter graphs and linear regression of IL-12(p40) (A) and IP-10 (B) in 
unstimulated macrophages. Correlation coefficients (r-value) and p-values 
were calculated with Spearman's correlation analysis. (A) C57 r-value: 0.27, 
p-value: 0.493; BTBR r-value: 0.88, p^/alue: 0.033*; Across strains r-value; 
0.58, p-value: 0.024* (B) C57 r-value: 0.23, p-value: 0.546; BTBR r-value: 
0.43, p-value: 0.397; Across strains r-value: 0.55, p-value: 0.032*; 
•significant p-values. 




2011 300 400 

Grooming (s) 



FIGURE 4 | Grooming correlation in LPS stimulated macrophages. 

Scatter graphs and linear regression of IL-6 (A), IL-10 (B), and (C) MIP-ip in 
LPS stimulated macrophages. Correlation coefficients (r-values) and 
p-values were calculated with Spearman's correlation analysis. (A) C57 
r-value: 0.30, p-value: 0.433; BTBR r-value: 0.20, p-value: 0.704; Across 
strains r-value: 0.77 p-value: 0.001* (B) C57 r-value: -0.22, p-value: 0.576; 
BTBR r-value: —0.09, p-value: 0.872; Across strains r-value: —0.63, p-value: 
0.012* (C) C57 r-value: -0.15, p-value: 0.708; BTBR r-value: 0.60, p-value: 
0.241; Across strains r-value: 0.67, p-value: 0.006; "significant p-values. 



detrimental effects on normal brain function whilst M2 can 
ameliorate some of these effects. 

To further examine the proclivity of BTBR macrophages to 
polarize to an Ml phenotype, C57 and BTBR macrophages were 
stimulated with LPS in the presence of IFNy (Ml) or IL-4 
(M2) (Zhang et al, 2008). Under Ml polarizing conditions, 
BTBR macrophages produced significantly higher IL-12(p40) 
and IL-12(p70), mirroring the enhanced Ml polarization. In 
addition under M2 polarizing conditions, BTBR macrophages 
produced significantly less IL-10, and significantly more IL- 
12(p40) suggesting poor relative M2 polarization compared to 
C57 mice (Figure 1). Collectively, these data suggest that BTBR 
macrophages are innately Ml skewed, and more inclined to 
produce Ml associated cytokines such as IL-12(p70). 



1500- 
£ 1(10(1- 




o unsii 



& 6 0 



100 200 301) 400 

Grooming <s) 



> 1 

40000' 
: l 3(1(111(1- 
[ 20000- 

1 1)01)0- 




100 200 3110 400 

Grooming (s) 



FIGURE 5 | Grooming correlation in IL-4/LPS stimulated macrophages. 

Scatter graphs and linear regression of IL-6 (A), IP-10 (B), MIP-ip (C), and 
IL-10 (D) in IL-4/LPS stimulated macrophages. Correlation coefficients 
(r-value) and p-values were calculated with Spearman's correlation analysis. 
(A) C57 r-value: 0.43, p-value: 0.244; BTBR r-value: 0.09, p-value: 0.872; 
Across strains r-value: 0.63, p-value: 0.012* (B) C57 r-value: 0.40, p-value: 
0.291 ; BTBR r-value: 0.02, p-value: 1 ; Across strains r-value: 0.78, p-value: 
0.0007* (C) C57 r-value: 0.38, p-value: 0.312; BTBR r-value: 0.71, p-value: 
0.136; Across strains r-value: 0.53, p-value: 0.042* (D) C57 r-value: -0.48, 
p-value: 0.188; BTBR r-value: —0.77, p-value: 0.072; Across strains r-value: 
—0.86, p-value: 0.0001*; 'significant p-values. 




FIGURE 6 | Grooming correlation in IFNy/LPS stimulated 
macrophages. Scatter graphs and linear regression of IL-12(p40) 
(A), IL-12(p70) (B), TNFa (C), and MIP-10 (D) in IFNy/LPS stimulated 
macrophages. Correlation coefficients (r-values) and p-values were 
calculated with Spearman's correlation analysis. (A) C57 r-value: 0.26, 
p-value: 0.536; BTBR r-value: 0.09, p-value: 0.919; Across strains r-value: 
0.72, p-value: 0.004* (B) C57 r-value: 0.39, p-value: 0.291; BTBR r-value: 
0.87 p-value: 0.033*; Across strains r-value: 0.77, p-value: 0.001* (C) C57 
r-value: 0.02, p-value: 0.966; BTBR r-value: 0.94, p-value: 0.005*; Across 
strains r-value 0.51, p-value: 0.005* (D) C57 r-value: 0.70, p-value: 0.036*; 
BTBR r-value: 0.20, p-value: 0.704; Across strains r-value: 0.63, p-value: 
0.011*; 'significant p-values. 



In this study, we have compared two inbred strains, which 
were selected for their possession of autism-relevant features or 
lack thereof (BTBR and C57, respectively) (McFarlane et al., 
2008). Given the potential genetic differences between these 
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two inbred strains, it would be possible that these observed 
immunological differences are circumstantial and unrelated to 
behavior. To better understand the relationship between autism- 
like behavior and immune phenotype, we measured social and 
repetitive behavior in each mouse, and analyzed the correlation 
between these behavioral measurements and cytokine profiles. 
We observed only one cytokine correlation with social behav- 
ior (Figure 2), which may suggest that social behavior is not 
heavily affected by immune function within BTBR mice as a 
group. 

Although we did not see strong correlations between social 
behavior and immune measures in these experiments, the inflam- 
mation in BTBR mice may have an impact on fetal development 
in-utero. Maternal immune activation (MIA) in C57 mice results 
in elevated expression of IL-6, IL-12(p40), IL-12(p70), IL-13, IL- 
15, IFNy, TNFa, and IL-10 in pregnant dams (Arrode-Bruses 
and Bruses, 2012), and leads to deficits in sociability in their off- 
spring (Malkova et al., 2012). The data here-in suggest that BTBR 
mice innately produce higher levels of many of these cytokines, 
which may suggest that the maternal environment in which BTBR 
embryos are exposed to naturally resembles that of the MIA C57 
model in terms of increased inflammatory cytokine exposure in- 
utero. Potentially, social impairment is more closely associated 
with prenatal exposures, while repetitive grooming seems to be 
related to ongoing elevated inflammation. Additional research, 
such as prenatal cross-fostering, may help differentiate the roles 
of the maternal BTBR environment and adult immune pro- 
files in the development of autism-like symptoms in the BTBR 
mice. 

Unlike the social behavior, repetitive grooming behavior cor- 
related with a number of cytokine profiles under all tested cul- 
ture conditions. IL-12(p40) correlated with increasing grooming 
behavior of BTBR mice in unstimulated macrophages, and this 
correlation was also observed across the two strains (Figure 3). 
Contrary to the positive correlation between IL-12(p40) and 
repetitive behavior, macrophage derived IL-10 was negatively 
associated with repetitive grooming across strains in both LPS 
stimulated and IL-4/LPS stimulated conditions (Figures 4, 5), 
suggesting a relationship between M1/M2 polarization and repet- 
itive behavior such that Ml was associated with more impair- 
ment and M2 with less grooming behaviors. Moreover, both 
IL-12(p40) and IL-12(p70) showed positive correlations with 
repetitive grooming post IFNy/LPS exposure, further supporting 
a relationship between Ml macrophage cytokines and repetitive 
grooming. 

Of note, a difference in IL-12(p40) was observed between 
BTBR and C57 strains. We initially measured IL-12(p40) using 
an allele specific capture antibody, which recognizes several 
common strains such as C57, BALB/c, and CH3 mice, but 
does not recognize IL-12(p40) in autoimmune prone strains 
such as NOD or SJL strains of mice (Ymer et al, 2002). 
IL-12(p40) from BTBR was also undetectable with this antibody, 
but was detectable with a non-allele specific anti-IL-12(p40) 
capture antibody (data not shown). Although we did not test 
for IL-12(p40) allelic differences between these two strains, 
an allelic difference may indicate a functional difference for 
IL-12(p40) in-vivo. Interestingly, IL-10 production is also higher 



in BTBR mice. The synergistic effect of functionally abnor- 
mal IL-12p40 allele and high levels of IL-10 production in 
response to IFNy may help explain how BTBR mice can both 
express higher IL-12(p40) and IL-12(p70) than their C57 coun- 
terparts, but also be more susceptible to Listeriosis (Heo et al., 
2011). 

The relationship between repetitive grooming and immune 
function, particularly in myeloid cells, has been recently illus- 
trated by research in the Hoxb8 deficient mice. Hoxb8 is a myeloid 
expressed gene associated with repetitive pathological grooming 
in mice deficient for the gene and excessive grooming is reduced 
with wild-type bone marrow transplant (Chen et al., 2010). 
Given this data suggesting that peripherally derived immune cells 
can have a profound effect on normal grooming behavior, it is 
possible that ongoing myeloid inflammation may be related to 
repetitive grooming behavior in animal models. Further evidence 
that peripherally derived hematopoietic cells can improve behav- 
ior was illustrated in a recent paper demonstrating that bone 
marrow transplant arrested disease development in MeCP2 + /~ 
mouse models of Rett's syndrome (Derecki et al., 2012). 

Research in children with autism also implicates the 
role of myeloid cells in the pathology of the disorder. 
Immunohistochemistry of postmortem brain samples have 
revealed elevated numbers of microglia in brain parenchyma, 
and increased perivascular macrophages as well as elevated 
microglial and perivascular macrophage activation in the brains 
of children with autism, and increased levels of MCP-1 (Vargas 
et al, 2005; Morgan et al., 2010). Consistent with findings 
in the brain, studies examining peripheral myeloid function 
have revealed increased numbers of circulatory monocytes in 
the blood and increased cytokine production following TLR4 
stimulation in monocytes of children with autism includ- 
ing increased levels of IL-ip, IL-6, and IL-23 and associa- 
tions with behavioral assessment scores (Sweeten et al., 2003; 
Jyonouchi et al, 2008; Enstrom et al, 2010). Similar to findings 
in microglia and monocytes, there is also evidence of atypi- 
cal distribution of dendritic cell populations in children with 
autism (Breece et al, 2013), suggesting that many branches 
of the myeloid system are affected in the disorder. The data 
described here-in draws many parallels between previously 
recorded immune phenomena in humans, and the immune pro- 
file of the BTBR mouse and warrants a closer examination of 
neuro-immune interactions in the development of autism spec- 
trum disorders. 

In this study, we have demonstrated an inflammatory immune 
profile is displayed in the asocial BTBR mouse strain as well as 
associations between inflammation and Ml associated cytokines 
with repetitive grooming behavior. The immune phenotype of 
BTBR mice draws several parallels to observation in children 
with autism particularly high IL-12, IL-6, and MCP-1 production 
observed in both children with autism and BTBR mice. Although 
there are caveats in comparing the immunophenotype of two 
different strains based on behavior, the observed correlations 
between autism-relevant behaviors and immunological measures 
suggest the inflammatory phenotype of the BTBR mouse is more 
than circumstantial. Together these data suggests that the BTBR 
mouse may possess more than a behavioral similarity to autism 
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in humans, but may also share some physiological symptoms 
associated with the disorder as well. Although it may not be pos- 
sible to find a true animal model for autism, the BTBR mouse 
may prove to be a useful model to study the relationship between 
inflammation and behavior, the fruits of which may one day be 
applied to autism and other inflammatory disorders that manifest 
in behavioral deficits. 



ACKNOWLEDGMENTS 

This work was supported by NIH T32MH073124, Jane Botsford 
Johnson Foundation, Peter Emch Foundation, Barbara and 
Michael Bass Foundation, and the Brain & Behavior Research 
Foundation (formerly known as National Alliance for Research 
on Schizophrenia and Depression). The authors would like to 
thank Duy Pham for his technical support. 



REFERENCES 

Abrahams, B. S., and Geschwind, D. H. 
(2008). Advances in autism genetics: 
on the threshold of a new neurobi- 
ology. Nat Rev. Genet. 9, 341-355. 
doi: 10.1038/nrg2346 

APA. (2000). Diagnostic and Statistical 
Manual of Mental Disorders. 
Arlington, VA: American Psychiatric 
Publishing Inc. 

Arrode-Bruses, G., and Bruses, J. L. 
(2012). Maternal immune activa- 
tion by poly(I:C) induces expression 
of cytokines IL-lbeta and IL-13, 
chemokine MCP- 1 and colony stim- 
ulating factor VEGF in fetal mouse 
brain. /. Neuroinflammation 9, 83. 
doi: 10.1186/1742-2094-9-83 

Ashwood, P., Krakowiak, P., Hertz- 
Picciotto, I., Hansen, R., Pessah, I. 
N., and Van de Water, J. (2011a). 
Altered T cell responses in chil- 
dren with autism. Brain Behav. 
Immun. 25, 840-849. doi: 10.1016/ 
j.bbi.2010.09.002 

Ashwood, P., Krakowiak, P., Hertz- 
Picciotto, I., Hansen, R., Pessah, 
I., and Van de Water, J. (2011b). 
Elevated plasma cytokines in 
autism spectrum disorders provide 
evidence of immune dysfunc- 
tion and are associated with 
impaired behavioral outcome. 
Brain Behav. Immun. 25, 40-45. doi: 
10.1016/j.bbi.2010.08.003 

Ashwood, P., Krakowiak, P., Hertz- 
Picciotto, I., Hansen, R., Pessah, 
I . N . , and Van de Water, J. 
(2011c). Associations of impaired 
behaviors with elevated plasma 
chemokines in autism spectrum 
disorders. /. Neuroimmunol. 232, 
196-199. doi: 10.1016/j.jneuroim. 
2010.10.025 

Ashwood, P., Wills, S., and Van de 
Water, J. (2006). The immune 
response in autism: a new frontier 
for autism research. /. Leukoc. Biol. 
80, 1-15. doi: 10.1 189/jlb. 1205707 

Benoit, M., Desnues, B., and Mege, J. L. 
(2008). Macrophage polarization in 
bacterial infections. /. Immunol. 
181,3733-3739. 

Breece, E., Paciotti, B., Nordahl, C. 
W, Ozonoff, S., Van de Water, 
J. A., Rogers, S. J., et al. (2013). 
Myeloid dendritic cells frequen- 
cies are increased in children with 



autism spectrum disorder and asso- 
ciated with amygdala volume and 
repetitive behaviors. Brain Behav. 
Immun. 31, 69-75. doi: 10.1016/j. 
bbi.2012. 10.006 

Chadman, K. K., Gong, S., Scattoni, 
M. L., Boltuck, S. E., Gandhy, S. U., 
Heintz, N., et al. (2008). Minimal 
aberrant behavioral phenotypes 
of neuroligin-3 R451C knockin 
mice. Autism Res. 1, 147-158. doi: 
10.1002/aur.22 

Chen, S. K., Tvrdik, P., Peden, E., 
Cho, S., Wu, S., Spangrude, G., 
et al. (2010). Hematopoietic origin 
of pathological grooming in Hoxb8 
mutant mice. Cell 141, 775-785. doi: 
10.1016/j.cell.2010.03.055 

Crawley, J. N. (2007). Mouse behav- 
ioral assays relevant to the symp- 
toms of autism. Brain Pathol. 17, 
448^59. doi: 10.1 111/j. 1750- 3639. 
2007.00096.x 

Derecki, N. C, Cronk, J. C, Lu, Z., Xu, 
E., Abbott, S. B., Guyenet, P. G., et al. 
(2012). Wild-type microglia arrest 
pathology in a mouse model of Rett 
syndrome. Nature 484, 105-109. 
doi: 10.1038/naturel0907 

Derecki, N. C, Privman, E., and 
Kipnis, J. (2010a). Rett syn- 
drome and other autism spectrum 
disorders-brain diseases of 
immune malfunction? Mol. 
Psychiatry 15, 355-363. doi: 
10.1038/mp.2010.21 

Derecki, N. C, Cardani, A. N., 
Yang, C. H., Quinnies, K. M., 
Crihfield, A., Lynch, K. R., et al. 
(2010b). Regulation of learn- 
ing and memory by meningeal 
immunity: a key role for IL-4. 
/. Exp. Med. 207, 1067-1080. doi: 
10.1084/jem.20091419 

Derecki, N. C, Quinnies, K. M., and 
Kipnis, J. {20 1 1 ) . Alternatively 
activated myeloid (M2) cells 
enhance cognitive function in 
immune compromised mice. Brain 
Behav. Immun. 25, 379-385. doi: 
10.1016/j.bbi.2010.11.009 

Enstrom, A. M., Onore, C. E., Van 
de Water, J. A., and Ashwood, 
P. (2010). Differential monocyte 
responses to TLR ligands in children 
with autism spectrum disorders. 
Brain Behav. Immun. 24, 64-71. doi: 
10.1016/j.bbi.2009.08.001 



Heo, Y., Zhang, Y., Gao, D., Miller, V. 
M., and Lawrence, D. A. (2011). 
Aberrant immune responses 
in a mouse with behavioral 
disorders. PLoS ONE 6:e20912. doi: 
10.1371/journal.pone.0020912 

Jouanguy, E., Doffinger, R., Dupuis, 
S., Pallier, A., Altare, E, and 
Casanova, J. L. (1999). IL-12 and 
IFN-gamma in host defense against 
mycobacteria and salmonella 
in mice and men. Curr. Opin. 
Immunol. 11, 346-351. doi: 
10.1016/S0952-7915(99)80055-7 

Jyonouchi, H., Geng, L., Cushing- 
Ruby, A., and Quraishi, H. (2008). 
Impact of innate immunity in a sub- 
set of children with autism spec- 
trum disorders: a case control study. 
/. Neuroinflammation 5, 52. doi: 
10.1186/1742-2094-5-52 

Li, X., Chauhan, A., Sheikh, A. M., 
Patil, S., Chauhan, V, Li, X. M., 
et al. (2009). Elevated immune 
response in the brain of autis- 
tic patients. /. Neuroimmunol. 207, 
111-116. doi: 10.1016/j.jneuroim. 
2008.12.002 

Lintas, C, Sacco, R., and Persico, A. M. 
(2012). Genome-wide expression 
studies in autism spectrum disor- 
der, Rett syndrome, and Down syn- 
drome. Neurobiol. Dis. 45, 57-68. 
doi: 10.1016/j.nbd.2010.11.010 

Malkova, N. V, Yu, C. Z., Hsiao, E. 
Y., Moore, M. J., and Patterson, 
P. H. (2012). Maternal immune 
activation yields offspring display- 
ing mouse versions of the three 
core symptoms of autism. Brain 
Behav. Immun. 26, 607-616. doi: 
10.1016/j.bbi.2012.01.011 

Mantovani, A., Sica, A., and Locati, M. 
(2005). Macrophage polariza- 
tion comes of age. Immunity 23, 
344-346. doi: 10.101 6/j.immuni. 
2005.10.001 

McFarlane, H. G., Kusek, G. K., Yang, 
M., Phoenix, J. L., Bolivar, V. J., 
and Crawley, J. N. (2008). Autism- 
like behavioral phenotypes in BTBR 
T+tf/J mice. Genes Brain Behav. 
7, 152-163. doi: 10. 1 1 1 1601- 
183X.2007.00330.X 

Mikita, J., Dubourdieu-Cassagno, N., 
Deloire, M. S., Vekris, A., Biran, 
M., Raffard, G., et al. (2011). 
Altered M1/M2 activation patterns 



of monocytes in severe relaps- 
ing experimental rat model of 
multiple sclerosis. Amelioration 
of clinical status by M2 acti- 
vated monocyte administration. 
Mult. Scler. 17, 2-15. doi: 
10.1177/1352458510379243 

Morgan, J. T, Chana, G., Pardo, 
C. A., Achim, C, Semendeferi, 
K., Buckwalter, J., et al. (2010). 
Microglial activation and increased 
microglial density observed in 
the dorsolateral prefrontal cortex 
in autism. Biol. Psychiatry 68, 
368-376. doi: 10.1016/j.biopsych. 
2010.05.024 

Mosser, D. M., and Edwards, J. P. 
(2008). Exploring the full spec- 
trum of macrophage activation. 
Nat. Rev. Immunol. 8, 958-969. doi: 
10.1038/nri2448 

Moy, S. S., Nadler, J. J., Young, N. B., 
Nonneman, R. J., Segall, S. K., 
Andrade, G. M., et al. (2008). Social 
approach and repetitive behavior 
in eleven inbred mouse strains. 
Behav. Brain Res. 191, 118-129. doi: 
10.1016/j.bbr.2008.03.015 

Moy, S. S., Nadler, J. J., Young, N. 
B., Perez, A., Holloway, L. P., 
Barbara, R. P., et al. (2007). Mouse 
behavioral tasks relevant to autism: 
phenotypes of 10 inbred strains. 
Behav. Brain Res. 176, 4-20. doi: 
10.1016/j.bbr.2006.07.030 

Onore, C, Careaga, M., and Ashwood, 
P. (2012). The role of immune dys- 
function in the pathophysiology of 
autism. Brain Behav. Immun. 26, 
383-392. doi: 10.1016/j.bbi.2011. 
08.007 

Oppmann, B., Lesley, R., Blom, B., 
Timans, J. C, Xu, Y, Hunte, B., et al. 
(2000). Novel pl9 protein engages 
IL-12p40 to form a cytokine, IL- 
23, with biological activities sim- 
ilar as well as distinct from IL- 
12. Immunity 13, 715-725. doi: 
10.1016/S1074-7613(00)00070-4 

Pfeffer, K., Matsuyama, T, Kundig, 
T. M., Wakeham, A., Kishihara, 
K., Shahinian, A., et al. (1993). 
Mice deficient for the 55 kd tumor 
necrosis factor receptor are resis- 
tant to endotoxic shock, yet suc- 
cumb to L. monocytogenes infection. 
Cell 73, 457-467. doi: 10.1016/0092- 
8674{93)90134-C 



Frontiers in Neuroscience | Neuroendocrine Science 



September 2013 | Volume 7 | Article 158 | 8 



Onore et al. 



Macrophage and behavior 



Rothman, K. J. (1990). No adjust- 
ments are needed for multiple com- 
parisons. Epidemiology 1, 43-46. 
doi: 10.1097/00001648-199001000- 
00010 

Scattoni, M. L., Gandhy, S. U., Ricceri, 
L., and Crawley, J. N. (2008). 
Unusual repertoire of vocaliza- 
tions in the BTBR T+tf/J mouse 
model of autism. PLoS ONE 
3:e3067. doi: 10.1371/journal.pone. 
0003067 

Scattoni, M. L., Ricceri, L., and 
Crawley, J. N. (2011). Unusual 
repertoire of vocalizations in 
adult BTBR T+tf/J mice during 
three types of social encounters. 
Genes Brain Behav. 10, 44-56. doi: 
10.1111/j.l601-183X.2010.00623.x 

Silverman, J. L., Tolu, S. S., Barkan, 
C. L., and Crawley, J. N. (2010). 
Repetitive self-grooming behav- 
ior in the BTBR mouse model 
of autism is blocked by the 
mGluR5 antagonist MPER Neuro- 
psychopharmacology 35, 976-989. 
doi: 10.1038/npp.2009.201 

Silverman, J. L., Turner, S. M., Barkan, 
C. L., Tolu, S. S., Saxena, R., Hung, 
A. Y., et al. (2011). Sociability 
and motor functions in Shank 1 
mutant mice. Brain Res. 1380, 
120-137. doi: 10.1016/j.brainres. 
2010.09.026 

Sweeten, T. L., Posey, D. J., and 
McDougle, C. J. (2003). High 



blood monocyte counts and 
neopterin levels in children 
with autistic disorder. Am. J. 
Psychiatry 160, 1691-1693. doi: 
10.1176/appi.ajp.l60.9.1691 

Vargas, D. L., Nascimbene, C, 
Krishnan, C, Zimmerman, A. 
W., and Pardo, C. A. (2005). 
Neuroglial activation and neu- 
roinflammation in the brain of 
patients with autism. Ann. Neurol. 
57, 67-81. doi: 10.1002/ana.20315 

Voineagu, I., Wang, X., Johnston, P., 
Lowe, J. K., Tian, Y., Horvath, 
S., et al. (2011). Transcriptomic 
analysis of autistic brain reveals 
convergent molecular pathol- 
ogy. Nature 474, 380-384. doi: 
10.1038/naturel0110 

Yang, M., Clarke, A. M., and Crawley, 
J. N. (2009). Postnatal lesion evi- 
dence against a primary role for 
the corpus callosum in mouse 
sociability. Eur. }. Neurosci. 29, 
1663-1677. doi: 10.1111/j.l460- 
9568.2009.06714.x 

Yang, M., Perry, K., Weber, M. D., 
Katz, A. M., and Crawley, J. N. 
(2011a). Social peers rescue autism- 
relevant sociability deficits in ado- 
lescent mice. Autism Res. 4, 17-27. 
doi: 10.1002/aur.l63 

Yang, M., Silverman, J. L., and 
Crawley, J. N. (2011b). Automated 
three -chambered social approach 
task for mice. Curr. Protoc. 



Neurosci. Chapter 8, Unit 8.26. doi: 
10.1002/0471142301.ns0826s56 

Yang, M., Zhodzishsky, V., and 
Crawley, J. N. (2007). Social 
deficits in BTBR T+tf/J mice 
are unchanged by cross-fostering 
with C57BL/6J mothers. Int. }. 
Dev. Neurosci. 25, 515-521. doi: 
10.1016/j.ijdevneu.2007.09.008 

Ymer, S. I., Huang, D., Penna, G., 
Gregori, S., Branson, K., Adorini, 
L., et al. (2002). Polymorphisms in 
the II 12b gene affect structure and 
expression of IL-12 in NOD and 
other autoimmune-prone mouse 
strains. Genes Immun. 3, 151-157. 
doi: 10.1038/sj.gene.6363849 

Yrigollen, C. M., Han, S. S., 
Kochetkova, A., Babitz, T., Chang, 
J. T., Volkmar, F. R., et al. (2008). 
Genes controlling affiliative behav- 
ior as candidate genes for autism. 
Biol. Psychiatry 63, 911-916. doi: 
10.1016/j.biopsych.2007.1 1.015 

Zhang, X., Goncalves, R., and Mosser, 
D. M. (2008). The isolation 
and characterization of murine 
macrophages. Curr. Protoc. 
Immunol. Chapter 14, Unit 
14.1. doi: 10.1002/0471142735. 
iml401s83 

Zou, H., Yu, Y, Sheikh, A. M., Malik, 
M., Yang, K., Wen, G., et al. 
(2011). Association of upregu- 
lated Ras/Raf/ERKl/2 signaling 
with autism. Genes Brain Behav. 



10, 615-624. doi: 10.1 1 1 1601- 
183X.2011.00702.X 

Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 11 July 2013; accepted: 16 
August 2013; published online: 17 
September 2013. 

Citation: Onore CE, Careaga M, 
Babineau BA, Schwartzer JJ, Berman RF 
and Ashwood P (2013) Inflammatory 
macrophage phenotype in BTBR T-\-tf/J 
mice. Front. Neurosci. 7:158. doi: 
1 0.3389/fnins.201 3. 001 58 
This article was submitted to 
Neuroendocrine Science, a section 
of the journal Frontiers in Neuroscience. 
Copyright © 2013 Onore, Careaga, 
Babineau, Schwartzer, Berman and 
Ashwood. This is an open-access article 
distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or 
reproduction in other forums is per- 
mitted, provided the original author(s) 
or licensor are credited and that the 
original publication in this journal 
is cited, in accordance with accepted 
academic practice. No use, distribution 
or reproduction is permitted which does 
not comply with these terms. 



w w w.f ro ntiersin.org 



September 2013 | Volume 7 | Article 158 | 9 



